Objective. To report on our institution's early results from juvenile particulate cartilage allograft transplantation of the talus. Design. Because of the relative rarity of the procedure at the talus, it was decided to provide a comprehensive understanding of the currently available evidence via a 2-part study with (1) a systematic review of the literature and (2) a retrospective single-center cohort study of the authors' patients, their demographics, and their early outcomes. Results.
Introduction
Osteochondral lesions of the talus (OLT) are by definition a defect of the articular cartilage and the adjacent subchondral bone. 1 They are often symptomatic, with deep ankle pain, limited range of motion, and swelling with the consequence of limitations in activities of daily living or sports participation. 2 The etiology of these lesions is typically traumatic, either through a single episode such as an ankle sprain or fracture, or with multiple events as in recurrent ankle instability. 1, 3 While some lesions may be amenable to nonoperative management, most lesions-particularly those of larger size-require operative intervention, due to the inherent inability of native avascular cartilage to heal. 4 Often the first tier of operative intervention is with marrow stimulation techniques such as microfracture or transarticular drilling, to enhance bleeding through the penetration of the subchondral bone and the subsequent flooding with cells forming fibrocartilage. 5 Other advanced procedures for recalcitrant lesions include osteochondral allograft or autograft transplantation (OAT), autologous chondrocyte implantation (ACI), or matrix-induced ACI (MACI) have been developed, but each has its limitations of donor site morbidity, poor interface integration, the need for multiple procedures, or histological differences from native cartilage, which limit their efficacy. 6 Recent technological advances in the field of cartilage restoration methods has led to the utilization of fresh particulated juvenile allograft chondrocytes transplanted at the lesion site to reproduce the native cartilaginous articular surface. 5 The only current graft material available for this procedure, the DeNovo NT Natural Tissue Graft (Zimmer, Warsaw, IN, USA) is a prepackaged allograft substance consisting of immature live chondrocyte cells within their 671358C ARXXX10.1177/1947603516671358CartilageSaltzman et al.
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1 Department of Orthopedic Surgery, Rush University Medical Center, Chicago, IL, USA native extracellular matrix from donors typically younger than 13 years. A single package can be used to cover a defect that is 2.0 cm 2 as a single-stage procedure for focal defects. 7, 8 Fibrin adhesive is used to secure these cartilaginous pieces within the subject's lesion. Its efficacy has been demonstrated for pathology about the knee-such as highgrade cartilage lesions of the patella, 9 ,10 the femoral condyles or trochlear groove 11 -in quickly and safely relieving pain and improving outcomes at short-term follow-up, but the data have been limited to level IV evidence with only small cohorts of data. In addition to magnetic resonance imaging (MRI) showing good defect fill, 12 some of these studies of the knee 11 have demonstrated histologically favorable repair tissue of a mixture of hyaline and fibrocartilage with excellent integration of the allograft tissue with the native articular cartilage.
Efficacy of the particulated juvenile articular cartilage allograft technology about the ankle is less well studied. Ideal patients are those with symptomatic, isolated talar osteochondral lesions which have failed prior microfracture; younger (<50 years old) patients with larger lesions (>1.0 cm 2 ) but less than 5 cm 2 may benefit more from the procedure, but conclusions are still premature in the published literature. 13, 14 The purpose of this study was to evaluate the use of juvenile particulate allograft cartilage transplantation for lesions of the talus. Our hypothesis was that its efficacy would be apparent by as early as 6 months of follow-up postoperatively. Because of the relative rarity of the juvenile particulate cartilage allograft transplantation procedure at the talus, it was decided to provide a comprehensive understanding of the currently available evidence via a 2-part study with (1) a systematic review of the literature and (2) a retrospective single-center cohort study of the authors' patients and their early outcomes.
Methods

Systematic Review of the Literature
A thorough review of the literature was performed using Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines with a PRISMA checklist. All clinical outcome studies published between the inception of the MEDLINE database and May 15, 2016 were identified. Any clinical study assessing the outcome of juvenile particulate allograft cartilage transplant to the talus was included. Publications that not only described a novel surgical technique for the transplantation of the juvenile particulate cartilage but also reported on the clinical outcome of one or more patients with said technique were included. We excluded those analyses that evaluated other cartilage allograft, autograft or marrow stimulation processes, or nonclinical (review or technique) studies.
The search methodology involved a search of the MEDLINE database through the PubMed interface via a search algorithm with the following search terms: ("talus" OR "talar" OR "ankle") AND ("juvenile" OR "particulate" OR "DeNovo") AND ("allograft" OR "cartilage" OR "transplantation"). The search identified 39 studies. Based on the aforementioned criteria, studies were included or excluded after review of the titles and abstracts. Studies with questionable inclusionary status had full-text retrieved for further review. After completion of review of these 39 studies, a total of 4 were identified as appropriate for inclusion in this component of our study (Fig. 1) . Manual search of the reference lists of these included studies was performed, with no further inclusion of studies. The primary author reviewed the full text of the 4 articles in order to extract all data into a standardized form created by the authorship team at the onset of this review.
Because of the relatively small number of total patients from the literature with the surgical procedure at interest, and the heterogeneity between the patient cohorts in terms of patient demographics, osteochondral lesion characteristics, and surgical approach, a predominantly qualitative, descriptive approach was utilized to describe the collective results from the clinical studies. Highlighted patient and surgical data included the following: mean age, patient gender, mean body mass index (BMI), laterality, etiology (i.e., traumatic or atraumatic), mean duration of preoperative symptoms, frequency and number of previous ankle surgeries, lesion size and location, surgical technique, concomitant surgical procedures, postoperative rehabilitation protocols, reoperation and complication rates, clinical outcome scores, satisfaction, and subjective level of improvement and function.
Cohort Analysis of Authors' Patients
After institutional review board approval and patient consent, the medical records of 6 ankles in as many total subjects (4 male and 2 female) who were treated with particulated juvenile cartilage (DeNovo NT Natural Tissue Graft, Zimmer, Warsaw, IN) allograft transplantation for osteochondral lesions of the talus between October 16, 2013 and March 24, 2015 were retrospectively reviewed. The patients were treated by 2 senior surgeons at a single academic institution. The preoperative, operative, perioperative, and postoperative records for each of these patients were reviewed. Demographic and preoperative data collected for this study included the patient gender, age, etiology of ankle symptoms, laterality of pathology, location of talar osteochondral lesion, surgical treatment on the ankle prior to the operation of interest, worker's compensation status, medical comorbidities, MRI findings, utilization of injections, tobacco smoking history, BMI, current work status, physical examination findings, subjective complaints, and various clinical survey scores. Operative data included postoperative diagnosis, surgical approach and technique, and intraoperative findings of lesion size and quality. Postoperative data included subjective patient complaints, objective examination findings, and plain radiographic or MRI findings as available at visits of 6 weeks, 3 months, 6 months, and longest follow-up visit postoperatively.
Authors' Preferred Surgical Technique. Preoperative regional anesthesia is utilized for the operative leg. In a supine position on the operating table, a bump is applied under the operative side buttocks. A thigh tourniquet is applied. The operative lower extremity is placed on a thigh holder, and the extremity prepped and draped in standard sterile fashion. Preoperative antibiotics are administered. A noninvasive ankle distractor is utilized, and standard anteromedial and anterolateral portal sites are created. Arthroscopy was performed prior to the open portion of the procedure in order to visualize and treat any concurrent pathology; it was also utilized to visualize and document the lesions with images as well as in some cases to confirm that there was a lesion that required the index procedure. Arthroscopy additionally allowed the authors to visualize the exact location of the lesion to determine if maximal plantarflexion or dorsiflexion would allow a simple arthrotomy for access or whether an osteotomy was required to gain access to the lesion with the proper angles and ability to introduce the surgical equipment for intervention.
The ankle joint is initially insufflated with approximately 10 mL of normal saline. The skin is then sharply incised, and with a mosquito hemostat the soft tissues are dissected in order to enter the tibiotalar joint. Debridement with a shaver, burr or intra-articular Bovie of arthrofibrosis, osteophytes, and any soft tissue impingement of the anterior tibiotalar joint and medial or lateral gutters ensues. The osteochondral lesion is then directly visualized and probed to distinctly determine if there was an unstable cartilage gap, and removed with a grasper. With use of a curette, the bed of the lesion was fully debrided including the underlying bone to bleeding punctate surfaces in order to complete and establish containment of the osteochondral lesion. Some form of marrow stimulation is necessary; the authors believe it is important to develop vascularity on the talus and propose that curettage accomplishes this well with better punctate bleeding and a more adherent surface.
At this point, the arthroscopy equipment is removed, the thigh holder taken down, and depending on the laterality and extent of the lesion, either the lateral or medial portal incision was extended both distally and proximally in order to perform an open arthrotomy, or an osteotomy is performed. The thigh tourniquet is inflated to 275 mm Hg. When an osteotomy is not required, dissection is taken down directly to the level of the joint and the capsule elevated. When a medial malleolus osteotomy is deemed necessary for exposure of the lesion, a long longitudinal medial incision over the distal medial malleolus and metaphyseal region is created. This is taken down sharply through the skin and bluntly through the soft tissue, until the periosteum overlying the ankle joint is identified. Arthrotomies are made in both the anterior and posterior capsule, the posterior approach through the posterior tibial tendon sheath, and Hohmann retractors placed to protect the joint line. A 0.062-inch Kirschner wire is placed in line with the expected osteotomy, and confirmed under multiple views of fluoroscopy. An oscillating saw is used in line with the Kirschner wire to place the distal tibial osteotomy obliquely to the level of the joint with care taken not to violate the articular cartilage. An osteotome is then introduced to complete the remainder of the osteotomy. The osteotomy is booked open in order to gain full visualization of the medial talar osteochondral lesion (Fig. 2a) .
Additional debridement of the soft tissues is performed as needed. The bed of the lesion is subsequently completely dried, and fibrin glue initially laid on to the surface of the subchondral bone (Fig. 2b) . The juvenile allograft particulate cartilage is then laid down on top of this bed with full containment and excellent coverage within the confines of the defect. Additional fibrin glue is placed over the top of the particulate cartilage to stabilize the cartilage as well as the graft material (Fig. 2c) . The arthroscope is used dry to help visualize the particulate allograft cartilage placement as well as to document this portion of the procedure. This is allowed several minutes to set. Concomitant proceduresincluding lateral ligament reconstruction or os trigonum excision-are then performed. In cases with a medial malleolar osteotomy for access to the joint, the osteotomy site is reduced and 4-0 cannulated guidewires provisionally placed across the osteotomy site, both parallel to the joint line and perpendicular to the osteotomy site. Screws are placed to compress the fracture line with anatomic reduction at the level of the joint and good bony compression and stability ( Fig. 2d and e) . Thereafter the deep capsule and tissue is closed with 3-0 Vicryl suture. The same is used to reapproximate the skin, and finally 3-0 nylon used to close all the skin edges. The wound thereafter was dressed with LiquiBand ointment and dressed in sterile dressing and a hard plaster short leg post mold sugar tong splint in neutral position with nonweightbearing status. Patients received deep venous thrombosis prophylaxis for 3 weeks postoperatively with aspirin 325 mg twice daily.
At 2 weeks postoperative, the patient's sutures and dressings were removed. A tall CAM boot and compressive stocking are given for the next 6 weeks to allow removal for gentle active range of motion exercises to begin, with continued non-weight bearing. At 6 weeks postoperative, the patient is allowed to bear weight as tolerated in the CAM boot and formal physical therapy is begun to work on stretching, range of motion, and ankle strengthening. At 10 weeks postoperatively, the patient weans from the CAM boot to normal supportive shoe wear. At 16 weeks postoperative, physical therapy is advanced to impact activities and function improvement. At 20 weeks postoperative, a work conditioning program is started as needed based on the patient's preoperative work status.
Results
Systematic Review of the Literature
Four studies were included: 2 retrospective cohort studies of 23 patients (24 ankles) 14 and 7 patients, 15 respectively; 1 case report; 16 and 1 case report embedded within a novel surgical technique article ( Table 1) . 7 All studies were published in the past 3 years and were level IV or V evidence. In total, there were 32 patients (33 ankles) in 17 males and 15 females. The weighted mean age of the sum of the 32 patients was 35.0 years (range, 17.5-69.0 years) with a weighted mean of 59.4 months (range, 6.4-480 months) of preoperative symptoms in the 26 patients where this information was available. In 20 of 31 (64.5%) ankles with a reported etiology of ankle pain, the etiology was a traumatic inversion sprain or ankle fracture. Eighteen out of 33 (54.5%) ankles had failed a previous bone marrow Nineteen (57.6%) were treated with an open procedure, 5 (15.2%) by arthroscopic means, and 9 of 33 ankles (72.8%) with an extended portal procedure. Nineteen ankles (57.6%) required an osteotomy for lesion access. Sixteen ankles (48.9%) had 1 concomitant procedure, and 9 ankles (72.8%) had 2 or more concomitant procedures; concurrent interventions included things such as decompression with cylindrical or otherwise allograft bone placement, removal of hardware, or treatment means for impingement, synovitis, instability, osteophytes, or malalignment. Rehabilitation protocols are delineated in Table 1 for each of the included studies.
Weighted mean follow-up for the 32 patients was 14.3 months (range, 6.0-25.6 months). There were no reported perioperative complications or inflammatory responses to the implanted materials. Only 1 ankle (3.3%) was converted to a revision open osteochondral allograft with medial malleolar osteotomy at 16 months postoperative; 6 ankles (18.2%) required nonrevision type reoperations at an average of 15 months postoperative with 5 being removal of symptomatic or failed osteotomy hardware, and 1 to correct anterior impingement. Of the 31 ankles with clinical outcome reports, substantial subjective improvements (by reports of "good-to-excellent results", "improvement in pain scale and activity scale," and "pain-free ankle without limitations") were reported in 83.9% of the operative ankles. Seven of 7 ankles (100%) asked if they would do the surgery again in retrospect at the 6-month postoperative milestone said they would.
Analysis of Authors' Cohort of 6 Patients
A thorough chart review of all 6 patients at our single academic institution who had undergone the surgical procedure of interest was completed ( Table 2 ). The mean (± standard deviation) age of the patients was 35.7 ± 14.4 years (range, 21.2 -60.5 years). The mean BMI of the patients was 28.82 ± 5.83 kg/m 2 . There were 2 female (33.3%) patients and 4 male (66.7%) patients, with 4 left (66.7%) ankles and 2 right (33.3%) ankles operated on. Two patient cases (33.3%) were active Worker's Compensation claims; 1 patient (16.7%) was an active smoker. The etiology of the patients' ankle pain was traumatic in 5 patients (83.3%), with 3 of those 5 being severe inversion ankle sprains, 1 a nondescript skiing accident, and the final patient a nonoperative distal fibular ankle fracture. Preoperative symptoms were present for a mean 61.2 ± 54.3 months (range, 24.5-158.8 months). Three patients (50.0%) were employed in an occupation considered to be of "heavy manual labor," of which only 1 was still actively working full duty until the time of surgical intervention. Four (66.7%) of the 6 patients had undergone at least 1 prior operation on the ankle of interest.
Two of the osteochondral lesions (33.3%) were on the anterolateral talus, 3 (50.0%) were posteromedial, and 1 (16.7%) was central in location. All patients (100%) had preoperative subjective complaints consistent with a cartilaginous pathology-including pain, mechanical symptoms, and swelling-and the pathology was subsequently confirmed with MRI by the presence of a focal osteochondral defect of the talus. The mean dimensions of the patients' osteochondral lesions were 13.5 ± 4.4 mm in the anteroposterior dimension and 12.2 ± 3.3 mm in the mediolateral dimension. The smallest lesion was measured at 12 × 8 mm, while the largest defect measured 22 × 14 mm.
In all, 6 patients (100%), the surgical approach was as described in the previous section of this article-an arthroscopic approach to the ankle for debridement and evaluation of the osteochondral defect was followed with an open procedure to perform the particulate juvenile cartilage allograft transplantation. Two patients (33.3%) required a medial malleolar osteotomy to appropriately access the osteochondral lesion site. Four (66.7%) of the 6 patients underwent concurrent procedures at the time of surgery to address concomitant pathology, including tibiotalar exostectomy, lateral ligament reconstruction, bone grafting of underlying cystic defects, and os trigonum excision. The mean number of concomitant procedures was 1.0 ± 0.89 procedures ( Table 3 ). There were no perioperative complications.
Final follow-up for the 6 patients was at a mean 13.04 ± 8.35 months (range, 5.06-25.41 months) postoperative ( Table 4) . At the time of each patient's final follow-up, all 6 patients (100%) had reported subjective improvements in pain and range of motion, as well as functional improvement. There have been no reoperations in these patients, and only 1 patient has required any type of repeat intervention to date, namely a trigger point injection into the lateral hindfoot region for new pain symptoms, which was qualitatively different than the patient's preoperative symptoms and not apparently related. One patient began work at 12 months postoperative in construction without difficulty. Both Worker's Compensation patients were cleared for full duty return to work in their manual labor occupations by 6 months postoperative.
Postoperative MRI was obtained in three of the 6 patients (at 3 months postoperative in 1 patient, 6 months postoperative in the second patient, and 24 months postoperative in the third). Interestingly, despite the clinical improvements for these 3 patients, the images in each patient demonstrated persistence of a nonuniform chondral surface and subchondral edema at the location of the particulate cartilage placement (Figs. 3 and 4) . 
Discussion
Osteochondral lesions of the talus are a difficult pathology to address for orthopedic foot and ankle surgeons, particularly if the lesions are large and the pathology is recalcitrant to treatment with bone marrow stimulation techniques. As these patients are often young and active-having often sustained the osteochondral defect through a traumatic mechanism-joint preservation techniques continue to evolve, most recently with the use of juvenile cartilage transplantation. The purpose of this study was to attempt to better understand the utility of the fresh particulated juvenile cartilage allograft transplantation for osteochondral lesions of the talus through a systematic review of the literature and a short-term retrospective cohort analysis from patients at a single academic institution.
Within the systematic review, at a weighted mean follow-up of 14.3 months (range, 6.0-25.6 months) for the 32 patients, the revision rate was only 3.3% with a reoperation rate of 18.2%, consisting predominantly of removal of symptomatic or failed hardware used for surgical access (i.e., medial malleolar osteotomy) or concomitant procedure. In total, a high proportion of successful preliminary results were seen in a total of 83.9% of operative ankles. This level IV and V evidence suggests that the particulate juvenile cartilage transplantation for talar osteochondral lesions is an efficacious procedure with good clinical outcomes and low revision and reoperation rates at the shortterm follow-up. Within the retrospective cohort analysis, our preliminary results at the short-term mean 13.04 ± 8.35 months (range, 5.06-25.41 months) postoperative follow-up are promising. This is in light of the relatively large mean osteochondral lesion preoperative size, at 13.5 × 12.2 mm in dimension. There were no perioperative complications or reoperations, although revision procedures may not be likely to require consideration at such an early follow-up. However, patients are subjectively with good clinical outcomes at this time that are superior to their preoperative subjective levels of pain and ankle motion. Predictions on how this procedure will fare in these patients over the long term are suspect at best, but these early results are encouraging.
What is interesting is the postoperative appearance on MRI of the treated talar dome lesions in the three patients with postoperative advance imaging. Along the spectrum from 3 months to 2 years postoperative at the time of MRI being obtained, these patients' imaging does not demonstrate a substantial improvement in the appearance and contour of the overall cartilage volume at the location of the prior particulated juvenile articular cartilage allograft therapy, with continued subchondral bone marrow edematous changes even as far as 2 years postoperative. This is in spite of the clinical improvements seen in each of these patients, leaving somewhat of a clinical disconnect in these findings, and perhaps providing us with an idea of the natural course on imaging for the particulated juvenile articular cartilage allograft technology which may take years to consolidate despite earlier clinical success.
While we are not able to definitively suggest the reason for these MRI findings, we would propose that it may be related to the performance of marrow stimulation techniques at the time of surgery, the large size of the lesions relative to the articular surface of the talus, or perhaps the fact that many of these patients had undergone prior surgical intervention before the index procedure. The imaging performed at 3 and 6 months postoperative may just be too early, then, to see improvement after allograft juvenile particular cartilage at the talus. Other cartilage restoration means such as autologous chondrocyte implantation of the talus have shown integration of the regenerated tissue similar to native cartilage in the majority of patients, but at longer follow-up times of 5 or 10 years postoperatively 17, 18 but with persistence of subchondral edema in some patients even 10 years after surgery. 17 The imaging findings for the patient who underwent MRI at 2 years postoperative could also be somewhat of an outlier from what would otherwise be found as this patient had a large, cystic quality to his talar lesion prior to intervention; the low sample size makes it difficult, however, to provide firm conclusions. Alternatively, it may just be that the MRI findings should not be expected to show restoration of native anatomy after this procedure. For example, MRI findings of graft instability or failed incorporation after osteochondral allograft of the talus have been reported to not uniformly correlate with procedural failure. 19 Similarly, Fraser et al. 20 evaluated an athlete patient population who underwent osteochondral transplantation for talar lesions reported the presence of cystic changes in 33% of patients postoperatively, but found no correlation or effect of these findings on patient outcomes. Our methodology provides insight into the potential of the particulated juvenile articular cartilage allograft technology for use with large, symptomatic osteochondral lesions of the talus, including those patients who have previously failed microfracture. Further data on the topic, including that performed in the setting of a randomized clinical trial, are necessary before any definitive conclusions about its efficacy can be confirmed. In addition, with the high cost of the technology and currently unavailable insurance coverage, particulated juvenile articular cartilage allograft despite its potential efficacy is as of yet still a likely cost-prohibitive surgical intervention for patients unable to pay for the procedure. As was mentioned by Coetzee et al., 6 their data were provided from subjects enrolled in a still ongoing prospective study seeking to enroll approximately 250 subjects with an anticipated 5-year follow-up: The prospectively collected data from this cohort of such a size will be launching point for further discussions of the effectiveness and future utility of the particulated juvenile articular cartilage allograft technology at the talus.
This study has several important limitations. Limitations of the systematic review include a scarcity of clinical studies, which limits the quantity of primary data available for analysis. As with any review, the quality of our conclusions is limited by the quality of the primary data-that is, of the 4 studies included, 2 were single case reports, and the third a case series of only 7 patients. Additionally, all included studies were retrospective in methodology. Heterogeneity in the surgical techniques used by the different authorship groups may additionally limit the summative conclusions of the grouped cohort. Limitations of the retrospective case series, first and foremost, are related to the small cohort size and retrospective methodology. Additionally, the presence of more objective clinical outcome findings reported in the postoperative period would more adequately allow for a more analytical assessment of this cohort's postoperative outcomes. The fact that multiple patients had concurrent pathology addressed with concomitant procedures may additionally confound the postoperative results of the juvenile particulate cartilage allograft transplantation procedure.
Overall, preliminary data thus suggest that treatment of large, traumatic or atraumatic, symptomatic osteochondral defects of the talus with particulated juvenile cartilage transplantation may improve patient subjective complaints of pain and function. Systematic review of the available literature highlights the need for future prospective, larger cohort studies of particulated juvenile articular cartilage allograft use on the talus but suggests a similar potential for the technology.
Informed Consent
Informed consent was not sought for the present study because this exemption was granted in accordance with 45CFR46.101 (b) (4) -This research involves the collection or study of existing data, documents, records, pathological specimens, or diagnostic specimens, if these sources are either publicly available or if the information is recorded by the investigator in such a manner that subjects cannot be identified, directly or through identifiers linked to the subjects.
Trial Registration
Not applicable.
